Arginine methylation is a common posttranslational modification that has been shown to regulate both gene expression and extranuclear signaling events. We recently reported defects in protein arginine methyltransferase 1 (PRMT1) activity and arginine methylation in the livers of cirrhosis patients with a history of recurrent infections. To examine the role of PRMT1 in innate immune responses in vivo, we created a cell type-specific knockout mouse model. We showed that myeloid-specific PRMT1 knock-out mice demonstrate higher proinflammatory cytokine production and a lower survival rate after cecal ligation and puncture. We found that this defect is because of defective peroxisome proliferator-activated receptor ␥ (PPAR␥)-dependent M2 macrophage differentiation. PPAR␥ is one of the key transcription factors regulating macrophage polarization toward a more anti-inflammatory and pro-resolving phenotype. We found that PRMT1 knock-out macrophages failed to up-regulate PPAR␥ expression in response to IL4 treatment resulting in 4-fold lower PPAR␥ expression in knock-out cells than in wild-type cells. Detailed study of the mechanism revealed that PRMT1 regulates PPAR␥ gene expression through histone H4R3me2a methylation at the PPAR␥ promoter. Supplementing with PPAR␥ agonists rosiglitazone and GW1929 was sufficient to restore M2 differentiation in vivo and in vitro and abrogated the difference in survival between wild-type and PRMT1 knock-out mice. Taken together these data suggest that PRMT1-dependent regulation of macrophage PPAR␥ expression contributes to the infection susceptibility in PRMT1 knock-out mice.
Protein arginine methyltransferase 1 (PRMT1) 2 is responsible for about 85% of total cellular arginine methylation (2) . It methylates both histone and non-histone proteins; however, many protein targets are not yet defined (3) . Abnormal function of PRMT1 is closely associated with several types of cancer and cardiovascular disease. Arginine methylation affects gene transcription and splicing as well as upstream signal transduction including a number of innate immunity pathways (4) .
Peroxisome proliferator-activated receptor ␥ (PPAR␥) has an important role in many biological processes, including fatty acid synthesis, glucose metabolism, adipogenesis, and inflammatory signaling (5) (6) (7) . PPAR␥-mediated macrophage polarization plays a critical role in all stages of the resolution phase of inflammation. PPAR␥ can shift production from pro-to antiinflammatory mediators. PPAR␥ alters macrophage trafficking, increases efferocytosis and phagocytosis, and promotes alternative M2 macrophage activation (8) . Mice with a macrophagespecific deletion of PPAR␥ have shown impairment in the maturation of alternatively activated M2 macrophages (9) .
In this study we examined the role of PRMT1 in immune responses using a cell type-specific knock-out mouse model. We found that myeloid-specific PRMT1 knock-out mice have lower survival rates in a cecal ligation and puncture infection model. This defect is largely because of a defect in expression of the PPAR␥ transcription factor and from the resulting defective M2 differentiation. Supplementing mice with PPAR␥ agonists was sufficient to abrogate the difference in survival and proinflammatory cytokine production between wild-type and PRMT1 knockout mice.
Results

Myeloid-specific PRMT1 knock-out mice are more susceptible to infection
In our previous work we found that PRMT1 can control innate immune responses through regulation of TRAF6 (10) .
To study the relevance of this mechanism and other PRMT1-dependent mechanisms described by others (11) in vivo, we created myeloid cell-specific PRMT1 knock-out mice, PRMT1 fl/fl LysM-Cre (KO), which results in specific deletion in about 40% of monocytes and 90 -100% of macrophages (12, 13) . We compared their response to wild-type PRMT1 fl/fl littermates (WT) in the cecal ligation and puncture (CLP) infection model (14) . We used low-grade CLP with ligation of one-third of the cecum to study cytokine production and gene expression (100% of mice survived at 24 h), and medium grade with ligation of one-half of the cecum for survival studies. Fig. 1 shows that knock-out mice suffered more severe weight loss ( Fig. 1A) and had a significantly lower survival rate (Fig. 1B) . We found no difference in bacterial loads in the peritoneum or blood in those mice (Fig. 1C) , but knock-out mice had higher serum TNF␣ levels 24 h after CLP ( Fig. 1D ), suggesting that a difference in inflammatory response and not in bacterial clearance was primarily responsible for the survival difference. To further assess differences in inflammatory response, we injected WT and KO mice with an intraperitoneal dose of LPS in the absence of CLP. After a low dose (2 mg/kg) of LPS, knock-out mice had 3-to 4-fold higher levels of serum IL6 and 10-fold higher levels of serum TNF␣ 6 h after LPS (Fig.  1E ). However, at an earlier time point (1 h post LPS), serum TNF␣ levels were the same, suggesting that PRMT1 knockout mice do not have defective rapid early responses but may lack an anti-inflammatory mechanism that suppresses cytokine production at later stages of infection.
PRMT1 knock-out macrophages have a defect in IL4-induced differentiation
Next we studied the phenotype of wild-type and knock-out macrophages in vitro using peritoneal macrophages isolated from untreated mice. We confirmed that 95 Ϯ 3% of those cells express the F4/80 macrophage marker ( Fig. 2A ). LysM-Cre expression resulted in PRMT1 deletion in the majority of the cells with only 17 Ϯ 5% of cells expressing PRMT1 (Fig. 2B ). We examined the ability of these macrophages to differentiate along the alternative IL4-driven pathway (M2 differentiation) by examining mRNA levels strongly associated with specific macrophage phenotypes. We found that PRMT1 knock-out and survival (n ϭ 14 -16 per group) (B) after cecal ligation and puncture (CLP) procedure in wild-type (WT ϭ PRMT1 fl/fl ) and myeloid-specific PRMT1 knock-out mice littermates (KO ϭ PRMT1 fl/fl LysM-Cre/WT). Data are presented as mean Ϯ S.D. *, p Ͻ 0.05, **, p Ͻ 0.01. C, bacterial load in peritoneum of wild-type or knock-out mice after 24 h of CLP. D, serum cytokine levels 24 h after CLP measured by ELISA. n ϭ 3-5 per group. Data are presented as mean Ϯ S.D. *, p Ͻ 0.05. E, wild-type (WT) and myeloid-specific PRMT1 knock-out mice (KO) were injected intraperitoneally with 2 mg/kg of LPS. Serum cytokine levels in control mice were measured at 6 h or 1 h post LPS. Data are presented as mean Ϯ S.D. n ϭ 4 -6 per group. *, p Ͻ 0.05. macrophages are deficient in IL4-induced differentiation as evidenced by failure to up-regulate Arg1, CD36, Mrc1, and Fizz1 in response to IL4 (Fig. 2B ). There was no difference between wild type and KO in the ability of INF␥ (interferon ␥) to induce expression of mRNAs associated with classic (M1) macrophage activation ( Fig. 2C ). 
-
We further investigated the phenotype of liver macrophages in vivo after low dose (2 mg/kg) intraperitoneal LPS injection. Fig. 2D shows that a number of macrophage-specific markers were unchanged in the livers; the M2 differentiation marker Mrc1 (CD206) expression was significantly lower in PRMT1 myeloid KO mice at 24 h post LPS. This suggests lack of M2 differentiation. Immunohistochemical staining of liver sections 24 h post LPS confirmed that although the number of macrophages is the same in wild-type and knock-out mice (F4/80 staining), Mrc1 expression is not detectable in sections from PRMT1 KO mice ( Fig. 2E ). Similar results were seen in macrophage staining 24 h post CLP (Fig. 2F ).
The defect in IL4-induced differentiation in PRMT1 knock-out macrophages results in higher cytokine production after LPS challenge
The above data suggest that PRMT1 deficiency results in a defect of M2 differentiation, without altering INF␥-induced macrophage differentiation. Additionally some of the M2 and M1 markers were differentially expressed even in unstimulated cells (Fig. 2, A and B ), suggesting that knock-out macrophages are closer to M1 macrophages than are wild-type macrophages. In agreement with that finding we detected elevated levels of Hif1␣, a key transcription factor for M1 macrophages, in KO peritoneal macrophages ( Fig. 3A) . Taken together these data suggest that KO cells might be hyperresponsive to LPS challenge, which could explain higher levels of cytokines after CLP. To test this possibility we treated isolated peritoneal macrophages with LPS for various times (Fig. 3B ). We found that KO macrophages produce higher mRNA levels of IL6 and TNF␣ at 1 h post LPS but at 6 and 24 h the levels were lower or not different compared with wild type (Fig. 3B ). A similar time course difference was observed in liver IL6, IL10, and TNF␣ mRNA levels after low-dose intraperitoneal LPS challenge with higher early cytokine production and lower levels at later time points ( Fig. 3C ). Next we examined how the differences in the mRNA LPS responses translate to secreted cytokine level, which are related to an integrated value of cytokine production over time. We found that there was no significant difference in secreted cytokine levels between wild-type and knock-out macrophages (Fig. 3D ). These data suggested that the more rapid LPS response alone does not explain higher levels of cytokines after CLP.
Next we examined LPS responses under M1 or M2 differentiation conditions. IL4-mediated differentiation of macrophages is known to suppress cytokine production in response to LPS challenge. It is an important step in infection clearance to avoid excessive cytokine production. We found that KO macrophages produced higher levels of IL6 and TNF␣ when differentiated with IL4 prior to LPS stimulation ( Fig. 3D) .
These data were similar to in vivo data, as in Fig. 1 , D and E. In contrast, we did not see any differences in IL6 production when cells were differentiated with INF␥ to produce M1 macrophages ( Fig. 3E ).
Monocyte to macrophage differentiation induces PRMT1 expression and PRMT1 dependent histone arginine methylation
Next we examined the mechanism for the PRMT1 dependence of M2 differentiation. One possible mechanism is that it could be a result of the observed increase in TNF␣. TNF␣ is a potent suppressor of M2 differentiation (15, 16) . To address the role of TNF␣ in the M2 defect seen in PRMT1 knock-out macrophages, we used an in vitro neutralization assay ( Fig. 3F ). We found that although there was a small increase in M2 differentiation after addition of TNF antibody, the effect of PRMT1 knock out was much greater than that accounted for by TNF␣. Thus, PRMT1 can regulate M2 differentiation in a TNF␣-independent manner.
To better define the step at which PRMT1 regulates macrophage phenotype, we first determined if PRMT1 is induced at some stage of macrophage differentiation. IL4 treatment of wild-type peritoneal macrophages did not result in any changes of PRMT1 expression ( Fig. 4A ). In contrast, we found that PRMT1 expression is induced during monocyte to macrophage differentiation. Fig. 4B shows relative PRMT1 levels in human blood monocytes isolated from control subjects and subsequently differentiated in vitro with CSF-1 (colony-stimulating factor 1) for 5 days. To determine whether PRMT1 also increases after in vivo monocyte differentiation we directly compared blood monocytes and peritoneal macrophages from patients with liver cirrhosis and ascites; a similar increase was observed when comparing PRMT1 expression in monocytes and macrophages from the same patients (Fig. 4C ). The difference in PRMT1 expression between macrophages and monocytes derived from the same patient correlated with the level of the PRMT1-specific histone methylation mark H4R3me2a (Fig.  4D ). We further examined the presence of these methylated histone marks by chromatin immunoprecipitation at the promoters of genes relevant to M2 macrophage activation in both monocytes and in vitro differentiated monocyte-derived macrophages from healthy individuals ( Fig. 4E ). PPAR␥, CD209, Mrc1, and IL10 promoter methylations in macrophages were significantly above background (IgG), but only PPAR␥ promoter methylation was significantly increased during differentiation from monocyte to macrophage ( Fig. 4E ). PPAR␥ is a key transcription factor necessary for M2 differentiation, and its expression is induced by IL4, likely in a STAT6 dependent manner (17) (18) (19) . We hypothesized that promoter histone arginine methylation can regulate PPAR␥ expres- Figure 2 . PRMT1 knock-out macrophages have a defect in IL4-induced differentiation. A, representative immunofluorescence images of F4/80 staining (red) and PRMT1 staining (green) in wild-type (PRMT1 fl/fl ) or knock-out (PRMT1 fl/fl LysM-Cre) peritoneal macrophages isolated from untreated mice. Western blotting analysis of PRMT1 expression in macrophages is shown at the bottom. B and C, peritoneal macrophages were isolated from wild-type and myeloidspecific PRMT1 knock-out mice. Relative mRNA levels in macrophages differentiated with IL4 (B) for 24 h or relative mRNA levels in macrophages differentiated with INF␥ (C) for 24 h are presented as mean Ϯ S.D. n ϭ 4 -8 per group, *, p Ͻ 0.05, **, p Ͻ 0.01 compared with WT. D, wild-type (WT) and myeloid-specific PRMT1 knock-out mice (KO) were injected intraperitoneally with 2 mg/kg of LPS. Relative liver mRNA levels at 24 h post LPS are presented as mean Ϯ S.D. **, p Ͻ 0.01 compared with WT, n ϭ 4 -6 per group. E, representative images of immunohistochemical staining for total macrophages (F4/80) and anti-inflammatory macrophages (Mrc1) in the livers of wild-type and myeloid-specific PRMT1 knock-out mice at 24 h post LPS. F, representative images of immunohistochemical staining for Mrc1 in the livers of wild-type and myeloid-specific PRMT1 knock-out mice at 24 h post CLP. sion in IL4-differentiated cells. We confirmed that PRMT1 knock-out macrophages have dramatically lower levels of the PRMT1-specific histone methylation mark H4R3me2a (Fig. 4F ), and we found that PRMT1 knock-out macrophages completely failed to induce PPAR␥ expression in response to IL4 (Fig. 4G ). 
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To examine whether a defect in alternative macrophage differentiation can be explained by this loss of PPAR␥ induction, we isolated peritoneal macrophages from wild-type and myeloid PRMT1 knock-out mice and treated them with IL4 in the presence or absence of the PPAR␥ agonist GW1929 or the PPAR␥ antagonist GW9662 (Fig. 5, A and B) . Antagonist treatment prevented IL4-induced up-regulation of Mrc1, Fizz1, and Arg1 in wild-type macrophages (Fig. 5A ). Thus treatment with PPAR␥ antagonist resulted in defect in IL4 dependent signaling in wild-type macrophages that made them similar to knock-out macrophages. PPAR␥ agonist, on the other hand, significantly induced expression of Mrc1 in the presence of IL4 in knock-out macrophages, suggesting that activation of PPAR␥ can be sufficient to prevent the defect caused by reduced expression of PRMT1 (Fig. 5, B and C) . We observed only partial rescue of the number of Mrc1-positive macrophage in the presence of the agonist, possibly because of either lower levels of PPAR␥ in the knock-out cells or other PPAR␥-independent mechanisms. Interestingly, another M2 differentiation marker, Ym1 expression, was not affected by PRMT1 knock-out and was also not changed by PPAR␥ manipulation (Fig. 5D ).
Next we examined whether only histone arginine methylation induced during monocyte to macrophage differentiation might be important for PRMT1-dependent Mrc1 and other gene expression. To investigate if transient inhibition of PRMT1 activity during monocyte to macrophage differentiation can prevent alternative activation as seen in the PRMT1 knock-out phenotype, we isolated blood monocytes from healthy individuals and differentiated them with CSF-1 in the presence or absence of the PRMT1 inhibitor AMI-1. AMI-1 was present only during the differentiation step and was removed prior to further manipulations. Next we assessed the expression of macrophage genes after IL4-induced differentiation. We found that macrophages that were treated with AMI-1 during differentiation are deficient in PPAR␥-dependent gene expression induced by IL4 ( Fig. 5E ). When PPAR␥ antagonist was present, there was no longer any effect of AMI-1 on expression of the M2-related genes. This confirms that the effects of PRMT1 on M2 differentiation are largely mediated through PPAR␥ and only important during the monocyte to macrophage differentiation step (Fig. 5D ).
Rosiglitazone treatment is sufficient to abrogate differences in survival and inflammatory cytokine production between wild-type and PRMT1 knock-out mice
The in vitro data presented in Fig. 5B suggested that PPAR␥ agonists can efficiently restore M2 differentiation in PRMT1 knock-out macrophages. Thus we examined whether treat-ment with PPAR␥ agonist in vivo can reduce the difference in infection susceptibility between wild-type and knock-out mice. We injected 1 mg/kg rosiglitazone i.p. in 10% DMSO/PBS 2 h before cecal ligation and puncture ( Fig. 6 ) and analyzed survival rate in the medium-grade CLP model. In wild-type animals, rosiglitazone improved survival slightly at 72 h, but overall survival was not different. In PRMT1 knock-out mice, rosiglitazone improved the survival to the level of wild-type untreated animals (Fig. 6A) suggesting that PPAR␥ activation abolishes the difference in infection susceptibility between WT and KO animals ( Fig. 1, A-C) . Rosiglitazone-treated knock-out mice showed similar weight loss and serum cytokines levels as wildtype untreated mice ( Fig. 6B ; compare with Fig. 1D ).
Next we confirmed that rosiglitazone treatment resulted in a restored M2 differentiation phenotype in vivo. We injected 1 mg/kg rosiglitazone or 10% DMSO/PBS (vehicle) 2 h before cecal ligation and puncture and analyzed peritoneal macrophages 24 h later (Fig. 6C ). In the control group, knock-out macrophages showed reduced expression of PPAR␥ and its targets Mrc1 and Arg1, as well as an increase in expression of iNOS. These differences were reduced or abolished in the animals that received rosiglitazone (Fig. 6C ). PPAR␥ expression itself was also partially restored in the knock-out animals. These data are in accordance with previously published data on the effect of rosiglitazone in vivo (20, 21) . Similar results were observed in liver and spleen (Fig. 6, D and E) . Additionally, we examined the presence of M2 macrophages in the spleen by immunohistochemistry in wild-type and knock-out mice that received rosiglitazone or vehicle control (Fig. 6F ). We found that in the control group, knock-out macrophages lacked expression of the alternative macrophage marker Mrc1 at 24 h after CLP. However, in the rosiglitazone-treated group we detected a similar number of alternatively activated macrophages (Mrc1 positive) in the spleen of wild-type and PRMT1 knock-out mice (Fig. 6F ).
Discussion
Arginine methylation has emerged as an important regulator of the immune response (4, 10, 11) . The work presented in this study aimed to define the role of PRMT1 in myeloid cell functions.
We found that PRMT1 is induced during monocyte to macrophage differentiation. This induction results in the deposition of the PRMT1-dependent histone mark H4R3me2a on the PPAR␥ promoter. PRMT1 deficiency results in diminished IL4-induced PPAR␥ expression and lack of PPAR␥-dependent M2 differentiation (Fig. 7) .
In addition to its well known role as a regulator of lipid metabolism, PPAR␥ is also critical for alternative activation of Figure 3 . Defect in IL4-induced differentiation in PRMT1 knock-out macrophages results in higher cytokine production after LPS challenge. Peritoneal macrophages were isolated from wild-type and myeloid-specific PRMT1 knock-out mice. A, relative mRNA of Hif1␣ and Hif2␣ in wild-type and PRMT1 knock-out macrophages are presented as mean Ϯ S.D. n ϭ 4, **, p Ͻ 0.01. B, relative cytokine mRNA in macrophages treated with100 ng/ml of LPS for indicated times. Data are presented as mean Ϯ S.D. n ϭ 4 -6, *, p Ͻ 0.05, **, p Ͻ 0.01. C, wild-type (WT) and myeloid-specific PRMT1 knock-out mice (KO) were injected intraperitoneally with 2 mg/kg of LPS. Relative liver mRNA levels at 6 and 24 h post LPS are presented as mean Ϯ S.D. **, p Ͻ 0.01 compared with WT, n ϭ 4 -6 per group. D and E, peritoneal macrophages were isolated from wild-type and myeloid-specific PRMT1 knock-out mice. Secreted cytokine levels in macrophages not differentiated or differentiated with IL4 or INF␥ for 24 h and then treated with 100 ng/ml of LPS for indicated times are presented as mean Ϯ S.D. *, p Ͻ 0.05, **, p Ͻ 0.01 compared with WT, n ϭ 4 -6. F, relative mRNA levels in wild type of PRMT1 knock-out macrophages differentiated with IL4 in the presence of anti-TNF␣ neutralizing antibody or control IgG (1 g/ml). Data are presented as mean Ϯ S.D. n ϭ 4, *, p Ͻ 0.05, **, p Ͻ 0.01. macrophages (5-7). Loss of PPAR␥ blocks M2 differentiation associated with the resolution phase of inflammation (9) . We showed that PRMT1 deficiency in peritoneal macrophages prevented IL4 driven M2 differentiation and suppression of production of proinflammatory cytokines such as TNF␣. Using an in vivo model, we found that myeloid PRMT1 deficiency led to lower survival after cecal ligation and puncture (CLP). Polymicrobial sepsis induced by cecal ligation and puncture is a frequently used model as its progression closely resembles the progression and characteristics of human sepsis (14, 22) . We found that differences in sur- vivalobservedinknock-outmicearebecauseofthelackofPPAR␥-dependent M2 macrophage differentiation. Enhancing PPAR␥ activity with agonists was sufficient to abrogate the difference between wild-type and PRMT1 knock-out mice.
We used a LysM-Cre-mediated knock-out strategy which allows achieving a high level of the knock out in the majority of macrophage populations. However, studies have also reported that LysM-Cre affects a subset of about 50% of neutrophils, 
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which were not investigated in this study (12) . Neutrophils are important for bacterial clearance but dispensable for survival in the CLP model (23) , thus we focused our study on macrophages where we found over 80% knock-out efficiency. Other cell types that might be affected by LysM-Cre-mediated knock out include early bone marrow progenitors and neurons (24, 25) which, in addition to macrophages, might also contribute to the phenotype of the knock-out mice in vivo. PRMT1 regulates a large number of genes, and its ability to influence immune function may result from other mechanisms as well. We previously identified TRAF6 as a PRMT1 target and NF-B has been shown to be regulated as well (10, 11) . However, in this work we showed that genetic ablation of PRMT1 in myeloid cells did not appear to have the predicted effect of up-regulating TRAF6-dependent NF-B signaling. This is evidenced by lack of up-regulation of IRAK3 and A20 in knock-out cells (data not shown). This may reflect the existence of other compensatory pathways in these constitutive knock-out animals. Our results do, however, show a profound effect on PPAR␥ that appears to dominate in vivo over other mechanisms. Possibly in another infection/inflammation model other PRMT1 targets play an important role as well. This issue will require further investigation.
Interestingly, we found that PPAR␥ expression is different in wild-type and PRMT1 knock-out macrophages only after stimulation with IL4, as well as in later stages of infection clearance when IL4-dependent M2 differentiation is induced. However in the absence of infection, expression levels were similar. We hypothesized that PRMT1-dependent histone modification of the PPAR␥ promoter might be contributing to induction PPAR␥ after IL4 stimulation but not at baseline.
Histone arginine methylation is a less well studied part of the "histone code" that directs differentiation and function of many cell types (1, 4) . Recent findings that PRMT1-dependent arginine methylation is a dynamic modification have opened a new field of PRMT1-regulated signaling and differentiation events (10, 26, 27) . Generally, it is accepted that PRMT1-induced histone modifications promote gene expression (28 -30) , whereas demethylation by JMJD6 suppresses gene expression (26, 31) . Recent studies showed that the H4R3me2a mark is associated with progression of neuronal differentiation (32, 33) . Here we show that H4R3me2a is induced during monocyte to macrophage differentiation. Further studies will be necessary to define other histone targets of PRMT1 that can affect macrophage functions.
We observed previously that patients with decompensated cirrhosis have low PRMT1 levels in hepatic macrophages and circulating monocytes (34) . Immune dysfunction is a prominent feature of decompensated cirrhosis and contributes to ϳ50% of cirrhotic deaths (35) . It is known to be associated with susceptibility to bacterial infection, immune paresis, and monocyte dysfunction, but the mechanisms of these widespread immune deficiencies are not well understood (36, 37) . Data presented here suggest that PRMT1 deficiency can contribute to immune dysfunction through the failure of M2 differentiation. Although PPAR␥ agonists have also been shown to have negative impact on sepsis survival in certain conditions, it is believed that PPAR␥ activation is beneficial during inflammation and sepsis via its anti-inflammatory properties (8, 38 -40) . We suspect that PPAR␥ agonists might be promising as a part of a treatment strategy to diminish the inflammatory dysfunction in patients with decompensated cirrhosis.
Materials and methods
Mice C57BL/6NTac-Prmt1 tm1a(EUCOMM)Wtsi /WtsiCnbc mice were obtained from EUCOMM (EUCOMM project, 40181) and bred with Flp recombinase mice to get homozygous Prmt1 floxed breeders. These mice were next crossed with LysM-Cre mice to generate mice lacking Prmt1 in myeloid cells. For experiments, PRMT1 fl/fl Cre/WT mice were used together with PRMT fl/fl WT/WT littermates as a control.
All mice were housed in a temperature-controlled, specific pathogen-free environment with 12-h light-dark cycles and fed regular mouse chow and water ad libitum. All animal handling procedures were approved by the Institutional Animal Care and Use Committees at the University of Kansas Medical Center.
Isolation of mouse peritoneal macrophages
Primary peritoneal macrophages were isolated as described previously (41) . 8-to 10-week-old mice were killed by CO 2 asphyxiation. Briefly, 10 ml of sterile PBS were injected into the caudal half of the peritoneal cavity using a 25-gauge needle (beveled side up), following by gentle shaking of the entire body for 10 s. Saline containing resident peritoneal cells was collected and cells were plated on uncoated tissue culture plates and incubated for 60 min at 37°C. Nonadherent cells were 
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removed by washing five times with warm PBS. Macrophages were maintained in RPMI medium (Invitrogen) containing 10% FBS.
Cecal ligation and puncture
Cecal ligation and puncture (CLP) was used to produce sepsis and was performed as described previously (42) . Male and female 8-to 10-week-old mice were anesthetized with isoflurane (2-3% in O 2 with 1.5% maintenance). An abdominal incision was made and the cecum was mobilized. The distal onethird (for low-grade CLP) or one-half of the cecum (for medium-grade CLP) was ligated and punctured through and through (i.e. 2 holes) with a 23-gauge needle, and a small amount of cecal material was expressed before the cecum was replaced, and the incision was closed with 4 -0 surgical suture. Following surgery, all animals received a subcutaneous injection of warm sterile 0.9% saline (1 ml) and buprenorphine (sustained release, 0.2 mg/kg, subcutaneously) every 72 h. All mice were individually housed following surgery and given access to water until euthanasia. Mice were monitored for 96 -100 h post surgery. All animals were monitored every 12 h for signs of illness or distress including physical appearance, weight loss (over 20%), inactivity, and behavioral responses to external stimuli. Any animals deemed moribund were euthanized. Alternatively, 24 h after the induction of sepsis, mice were euthanized and peritoneal macrophages, liver, spleen, and lymph nodes were collected. Blood was collected from the vena cava in heparinized syringes and centrifuged (10,000 ϫ g for 10 min) for isolation of plasma. Both frozen tissue and plasma were stored at Ϫ80°C until analysis.
Bacterial counts
The bacterial counts were determined in peritoneal lavage fluid and blood samples by colony counting. Serial dilutions were plated on blood agar dishes (Hardy Diagnostics, Santa Maria, CA) and incubated for 24 h at 37°C.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 15 min at room temperature, washed with PBS, and permeabilized with 1% Triton X-100 for 15 min then blocked in immunofluorescence buffer (PBS containing 2.5 mM EDTA, 1% BSA) for 1 h. Cells were then incubated with primary antibody, 1:300 in PBS containing 2.5 mM EDTA, 1% BSA, 0.1% Triton X-100 overnight at 4°C. After washing with PBS, coverslips were incubated with Alexa Fluor-conjugated secondary antibody (1:500) in 0.1 g/ml DAPI for 1 h in the dark at room temperature. Coverslips were washed and mounted with FluorSave Reagent (Calbiochem). Slides were observed in a Nikon Eclipse 800 upright epifluorescence microscope (Nikon Instruments, Melville, NY). Images were acquired using a Nikon CoolSNAP camera.
Human specimens
De-identified human blood and peritoneal fluid specimens were obtained from the Liver Center Tissue Bank at the University of Kansas Medical Center. All studies using human samples were approved by the Institutional Review Board (Human Subjects Committee) of the University of Kansas Medical Center. Peripheral blood monocytes were isolated from peripheral blood mononuclear cell (PBMC) fractions using MACS beads (human CD14) (130 -050-201, Miltenyi Biotec) according to manufacturer's instructions.
Western blots
Protein extracts (15 g) were subjected to 10% SDS-PAGE, electrophoretically transferred to nitrocellulose membranes (Amersham Biosciences Hybond ECL, GE Healthcare), and blocked in 3% BSA/PBS at room temperature for 1 h. Primary antibodies were incubated overnight at manufacturer's recommended concentrations. Immunoblots were detected with the ECL Plus Western Blotting Detection System (Amersham Biosciences) or using near-infrared fluorescence with the ODYS-SEY Fc, Dual-Mode Imaging system (Li-COR Biosciences). Expression levels were evaluated by quantification of relative density of each band normalized to that of the corresponding ␤-actin or GAPDH band density.
ELISA
Enzyme-linked immunosorbent assays (ELISAs) were carried out as follows. Plastic 96-well microtiter plates (Nunc-Immuno Microwell MaxiSorp, Sigma) were coated overnight with excess (0.5 g) of first primary antibody. Unbound protein was washed with PBS. Wells were blocked for 1 h with 0.3 ml 3% BSA (Cohn Fraction V, essentially fatty acid free; Sigma) in PBS. After washing, samples containing the protein of interest (in 50 l) were added, incubated for 2 h at room temperature, and then washed with PBS. Second primary antibody (0.1 g in 50 l) was added, incubated for 1 h at room temperature, washed, and then visualized by incubation with secondary antibody conjugated with horseradish peroxidase (The Jackson Laboratory) in the presence of 3% BSA for 0.5 h, followed by reaction with ABTS (Sigma). The reaction was allowed to proceed for 20 min and then plates were quantitated spectrophotometrically at 410 nm.
ELISA for human cytokines was performed using IL6 ELISA Ready-SET-Go!® and TNF␣ ELISA Ready-SET-Go!® from Affymetrix/eBioscience according to the manufacturer's instructions.
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as described before (43) . Briefly, THP-1 cells (1.5 ϫ 10 7 ) were cross-linked by the addition of 1% formaldehyde for 10 min. Cells were lysed with 10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 3 mM MgCl 2 , 0.5% Nonidet P-40. Nuclei were collected by centrifugation, resuspended in 1% SDS, 5 mmol/liter EDTA, 50 mmol/liter Tris-HCl, pH 8.0, and sonicated to generate chromatin to an average length of ϳ100 -500 bp. Next, samples in ChIP dilution buffer (1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), were immunoprecipitated overnight at 4°C with 4 g ChIP-grade antibody. 20 l of magnetic beads (Dynabeads M-280, Invitrogen) were used to purify immunocomplexes. Following purification, cross-links were reverted by incubation at 65°C for 6 h. Samples were purified with Qiagen kit.
